Forward genetic analyses can reveal important developmental regulatory genes and how they function to pattern morphology. This is because a mutated gene can produce a novel, sometimes beautiful, phenotype that, like the normal phenotype, immediately seems worth understanding. Generally the loss-of-function mutant phenotype is simplified from the wild-type one, and often the nature of the pattern simplification allows one to deduce how the wild-type gene contributes to patterning the normal, more complex, morphology. This truism seems no less valid for the vertebrate head skeleton than for other and simpler cases of patterning in multicellular plants and animals. To show this, we review selected zebrafish craniofacial mutants. "Midline group" mutations, in genes functioning in one of at least three signal transduction pathways, lead to neurocranial pattern truncations that are primarily along the mediolateral axis. Mutation of lazarus/pbx4, encoding a hox gene partner, and mutation of valentino/kreisler, a hox gene regulator, produce anterior-posterior axis disruptions of pharyngeal cartilages. Dorsoventral axis patterning of the same cartilages is disrupted in sucker/endothelin-1 mutants. We infer that different signal transduction pathways pattern cartilage development along these three separate axes. Patterning of at least the anterior-posterior and dorsoventral axes have been broadly conserved, e.g., reduced Endothelin-1 signaling similarly perturbs cartilage specification in chick, mouse, and zebrafish. We hypothesize that Endothelin-1 also is an upstream organizer of the patterns of cellular interactions during cartilage morphogenesis.
Development in multicellular animals includes assignments of fates to naive embryonic cells and the arrangement of these cells into higher level functional assemblages. How cascades of developmental regulatory genes function to mediate these two kinds of processes, specification and morphogenesis, is currently under intense study in a variety of experimental systems. A likely generalization is that controls of specification and morphogenesis are intimately interconnected. It would seem sensible that, at the very least, fate specification must include instructions about morphogenesis along with instructions toward how the cell should undergo functional specialization. Hence, both differentiation and morphogenesis may ultimately be controlled by the same upstream developmental regulatory genes. A clear example in zebrafish is the T-box transcription factor Spadetail (Griffin et al., 1998) . Loss-of-function mutation of the spadetail gene results in prominent cellautonomous defects in somitogenesis (a morphogenetic process) and myogenesis (muscle differentiation). spadetail functions very early in development; expression is present and maintained specifically in presomitic mesoderm during gastrulation. Genetic targets under its positive regulation include myoD, a myogenic gene (Weinberg et al., 1996; Amacher and Kimmel, 1998) , and a protocadherin (paraxial protocadherin), a putative morphoregulatory gene (Yamamoto et al., 1998) . Loss of these separate downstream functions correlates with, and possibly explains, the two classes of phenotypic disturbances observed in spadetail mutants.
A SIMPLE SYSTEM APPROACH TO HEAD SKELETAL PATTERNING
Below we explore development of the early head skeleton in zebrafish as a system for understanding hierarchical genetic control of organogenesis. Skeletal organs, bones and cartilages, have several attractive attributes for such analysis. In the skeletal system, perhaps more than any other, organ morphology is intimately connected with its function. Because of this fact, the shapes and sizes of skeletal elements can be presumed to be under stringent selection, and the development of organ form exquisitely regulated. Indeed, because mineralized bone fossilizes readily, we understand much of the history of how skeletal elements have evolved along various vertebrate lineages. Adding developmental genetic analyses to this understanding is currently revealing how skeletal development itself might have evolved.
Facilitating a mechanistic analysis, the skeletal system has relatively few types of specialized cells. In young zebrafish the system is further simplified: A functional larval skeleton develops over the course of only a few days. The early skeletal elements are very small and mostly made of cartilage, on which we focus here. Few cells of only two types, chondrocytes and perichondrial cells, comprise these cartilages, with simple monolayered arrangements discussed further below. Most of the cartilages are located not far beneath the organism's surface, where they can be easily and directly visualized in the intact preparation as they form. As in other vertebrates the cartilaginous head skeleton has two prominent subdivisions, the neurocranium, protecting the brain and sensory organs, and the pharyngeal skeleton, supporting the feeding and gill-breathing structures ( Fig. 1) . Mutational analyses to be discussed below (see also Schilling, 1997) include both regions, and we also describe a hypothesis of cartilage morphogenesis, the "joints build stacks" hypothesis, motivated from descriptive studies of chondrogenesis in wild-type and mutant embryos.
MIDLINE GROUP MUTATIONS PERTURB DEVELOPMENT OF THE BASICRANIAL CARTILAGES
In his monumental 1894 study of monsters and the lessons we can learn from them about developmental patterning, Bateson included the "bulldog trout" (Fig. 2) . In this deformed fish the anterior head is dramatically compressed. In contrast, the form and size of the lower jaw is normal. Because of the disparity the lower jaw protrudes well forward of the cranium, just as can be the case in a genuine bulldog: upper and lower facial parts are not well matched. The example reveals some local autonomy in the development of these two facial regions.
Bateson does not go on to examine the skeletal deformities of the bulldog trout directly, nor does the bulldog trout, found by chance in a Scottish lake, tell us anything about how or why development went wrong. Just over 100 years later, "bulldog zebrafish," i.e., developmental mutants, such as the silberblick (slb) mutant shown in Fig. 3 , provide the beginnings of an explanation. The bulldog phenotype appears at the early larval stage (i.e., shortly after the embryo hatches, roughly at 3 days postfertilization, and begins postembryonic development). Similar phenotypes are observed in larval fish homozygous for loss-of-function alleles at any of several separate chromosomal loci. Interestingly, the mutants were all first identified by defects arising earlier, during embryogenesis, and were all placed into a common embryonic phenotypic class, the "midline" group . The mutants were classified this way because, irrespective of the genetic pathway affected (see below), they all shared embryonic phenotypes known to result from perturbed development at the midline. For example, mutant embryos in the midline group all exhibit cyclopia: the eyes are closer to the midline than normal, sometimes fused together at the midline. The strong inference, recognized by Brand et al. (1996) , is that defective midline signaling during embryonic development underlies the later craniofacial bulldog phenotype as well as the earlier, embryonic phenotypes.
Although the bulldog facial phenotype might not itself hint at involvement of the midline in patterning, the skeletal phenotype immediately does so. Staining the larval cartilages with Alcian blue reveals a profound neurocranial deficiency that underlies the bulldog face in slb mutants . The defects show most clearly in a dissected out and flat-mounted preparation (Figs. 3C and 3D) . In the wild-type early larva, the basicranium anterior to the region known as the polar cartilages consists of a bilateral pair of rods, the trabeculae, that are separated in the midline by a prominent hypophyseal fenestra. The trabeculae come together more anteriorly and they join one another, fusing together in the midline in a region termed the trabeculae communis. More anterior still this paired midline cartilage flares outwards laterally as the ethmoid plate. In slb mutants this pattern is simplified. Ahead of the polar cartilage region there is only a single cartilaginous rod present just at the midline and just about the diameter of a single trabecula.
In cellular terms, a complex and precisely shaped twodimensional array of cartilage is converted into a much simpler one-dimensional array when a functional gene product (a Wnt protein; see below) is absent. The change in the basicranium appears to be very indirect, due ultimately to an early mesodermal signaling defect that perturbs formation of the prechordal plate, i.e., the midline mesoderm of the head rudiment (see below). That head skeletal defects might be due to defective development of the prechordal plate would not be news to embryologists experimenting with salamander embryos nearly 70 years ago. They showed that defects of the same nature, in particular a fusion of the pair of trabeculae within the midline, resulted from treatment of early embryos with teratogenic chemicals (e.g., LiCl) that perturbed early midline development and also produced cyclopia (review: De Beer, 1937, p. 447) .
Considering the midline group of mutants collectively, one observes a range of severity of the phenotypic defects. Figure 4 shows this range for a subset of the midline group mutants, representing the genes schmalspur, detour, chamelion, you-too, and iguana. The presentation follows Brand et al. (1996) , who arranged the mutants into a phenotypic series by ordering them according to the severity of skeletal reduction. This arrangement revealed quite a curious sequence with respect to the pattern change as well (Fig. 4) . Along the series, except for schmalspur, there   FIG. 3 . The "bulldog-headed zebrafish," comparing the wild-type (WT, A) and slb mutant (B) embryos at 2 days of development (unpublished photographs, courtesy of Dr. Corinne Houart). (C, D) Basicranial cartilages labeled with Alcian blue, dissected, and laid out as a flat mount, viewed from the dorsal aspect (unpublished, B. Ullmann and C.B.K.); pc, polar cartilage region; a distinctive region of joining between the parachordals and trabeculae. The polar cartilages form as separate elements in some organisms (e.g., see De Beer, 1937; Goodrich, 1930) , but probably not in zebrafish. The abbreviations are as in Fig. 1.  FIG. 4 . A phenotypic series of a subset of midline group mutants, chameleon (con), detour (dtr), schmalspur (sur), you-too (yot), and iguana (igu), arranged in approximate order of severity. Dorsal views, as in Fig. 1C . Two examples of con mutants are included; the other mutations are at separate genetic loci. The abbreviations are as in Fig. 1 (modified from Brand et al., 1996, with sur added). seems to be progressive loss of cartilage from both anterior and lateral positions. Furthermore, the loss seems not to respect the names assigned to the cartilage regions. That is, the ethmoid plate shrinks in both its anterior-posterior and mediolateral aspects, and in the same mutants the trabeculae shorten along the anterior-posterior axis as well and are progressively displaced from lateral to a median position.
The somewhat coordinated anterior-posterior and medial-lateral pattern truncation seems worth further exploration. Not all mutants might obey the same rule. Brand et al. (1996) report that the schmalspur mutant phenotype is distinctive in that more posterior defects (midline cartilage fusion in the region of the polar cartilages) without corresponding anterior changes, i.e., the ethmoid plate appears normal.
According to Brand et al. , the defects in the midline group of mutants show up along the entire length of the ventral neurocranium. However, we are impressed that significant pattern changes they show are all anterior to the parachordals: the transition from unaffected to affected cartilages occurs rather abruptly at the polar cartilage region (Fig. 3C ). In even their most severe example, iguana (igu, Fig. 4 ) the cartilages posterior to this transition look approximately the same as those in the wild type. Yet only unpatterned islands of cartilage are present anterior to the polar cartilage region in iguana mutants. We conclude that the mutants in this midline group are revealing genes involved in pattern regulation of particularly the anterior basicranium.
If the skeletal disturbances to the basicranium are indeed limited in anterior-posterior extent, as we just argued, how can we understand why this might be so? Following Brand et al. (1996) , suppose that the cartilage defects follow from defects in the embryonic midline. Hence the difference between anterior and posterior basicranium could be due to an anterior-posterior difference in the midline, due to a difference in the cells responding to the midline signal, or due to a difference in both signaling and responding cell types together. Indeed there is evidence for changes in both types: The putative developmental boundary region, the polar cartilage region (Fig. 3) , develops just ahead of a prominent and famous transitional zone in the embryonic midline mesoderm, a known signaling center. Here the notochord ends and the prechordal plate begins. Further, the developmental origin of the cells forming the neurocranial cartilages might change in the same location. According to fate mapping studies in avians (Le Liè vre, 1978) and amphibians (Chibon, 1967) , and extirpation experiments in lamprey (Languille and Hall, 1986, 1988) , cranial neural crest forms the trabeculae but not the parachordals, which seemingly come from paraxial mesoderm. Hence, the polar cartilage region may mark an important transitional zone in both the midline signaling cells and the responding presumptive cartilage cells.
MIDLINE GROUP GENES FUNCTION IN THREE DIFFERENT SIGNAL TRANSDUCTION PATHWAYS
Subsequent to their discoveries in mutagenesis screens, a number of the genes in the midline group have been molecularly identified. silberblick encodes a Wnt-11 ortholog (Heisenberg et al., 2000) . cyclops encodes a Nodal ortholog (TGF␤ superfamily, Rebagliati et al., 1998; Sampath et al., 1998; review Schier and Shen, 2000) . one-eyed pinhead encodes a Crypto ortholog (EGF-CFC gene family; Zhang et al., 1998; review: Shen and Shier, 2000) that functions downstream to Nodal signaling. schmalspur encodes a FoxH1/FAST1 homolog (winged-helix transcription factor; Pogoda et al., 2000; Sirotkin et al., 2000) and also in the Nodal signal-transduction pathway. syu is an ortholog of sonic hedgehog (Schauerte et al., 1998) , and yot encodes a Gli-2 ortholog (Karlstrom et al., 1999) , a transcription factor regulated by Hh signaling.
Hence, the mutations, where known, identify genes that function in cell-cell signaling pathways, and at least three signal transduction pathways are involved. From expression analysis it seems likely that two, possibly all three, of these signals do not act directly on the cartilage-forming cells. If such is the case, this is an important lesson for understanding craniofacial mutant phenotypes: the genes responsible for severe craniofacial phenotypes might be remote to cartilage development itself.
Both cyc/nodal and syu/shh are expressed by the anterior midline mesoderm, but slb/wnt11 has a complex expression pattern, including expression in head neural crest that might eventually form the anterior basicranium. However, the perhaps more important expression domain is within early paraxial mesoderm, before mesoderm has migrated to reach where the head will form (Heisenberg et al., 2000) . Here it acts to turn on a "noncanonical" Wnt pathway involving intracellular Ca 2ϩ release and a G-proteindependent activation of kinases (review: Kü hl et al., 2000) to mediate cell polarity and polarized cell movement. These movements underlie the early extension of the embryonic axis and the initial formation of the midline head mesoderm in the late gastrula (Heisenberg and Nü sslein-Volhard, 1997; Heisenberg et al., 2000) . Such movements go wrong in slb/wnt11 mutants, and the prechordal plate is severely defective. Such a function, at ca. 8 h postfertilization (h), is remote indeed from head cartilage formation, chondrogenesis occurring near the end of embryogenesis, 2 days later.
Similarly, the role of cyc/nodal signaling must be indirect on the cartilage-forming cells. Here expression is present in prechordal plate, i.e., just at the region adjacent to where the anterior basicranium forms, but the time of expression seems wrong. The cyc/nodal gene is expressed as the presumptive mesodermal cells move anteriorward along the axis during gastrula, but shortly after this migration is completed expression is downregulated. This occurs several hours before neural crest migration begins, such that it seems unlikely that the crest cells ever encounter the Cyc/Nodal signal when they arrive at their destination beneath the forebrain. This timing might mean that cyc/ nodal signaling serves to set up a subsequent midline signal that in turn affects neural crest migration and/or cartilage specification at the midline. Supporting this scenario, a marker for premigratory neural crest, crestin, is downregulated in cyc mutants (Rubinstein et al., 2000) .
Syu/shh expression begins in mesoderm in the early midgastrula, and like cyc/nodal expression, expression of syu/shh is downregulated after the prechordal plate mesoderm has migrated to underlie forebrain neurectoderm. Hence it also seems unlikely that a Syu/Shh signal from prechordal plate acts on cartilage-forming neural crest. However, we propose that in fact defective Syu/Shh signaling is a part of the proximate cause of the cartilage dysmorphogenesis in all of these mutants. In response to induction by the prechordal plate (and that clearly depends on cyc/ nodal functioning in the prechordal plate; Hatta et al., 1994) the responding neurectoderm begins a course of development that includes its own upregulation of syu/shh. This expression persists through the time (pharyngula stages) when cartilage-forming cells move into the neighborhood of the ventral neurectoderm and are potentially ready to respond. Hence, in this possible scenario the Shh signal that acts on postmigratory cartilage-forming neural crest comes from the ventral ectoderm of the primordial forebrain, not the prechordal plate. The distinctive sur mutant phenotype mentioned above is partly explained by this model: In most of the midline group mutants expression of syu/shh is perturbed throughout the anterior ventral forebrain. In sur mutants specifically, syu/shh expression is missing just in a gap that corresponds in anterior-posterior level to the basicranial defect .
That signaling from neurepithelium can promote neurocranial cartilage formation and participate in its patterning is well known from transplantation studies (review: Thorogood, 1983) . Furthermore, in craniofacial cartilage development there has been demonstrated an essential role of Shh (Hu and Helms, 1999) . The model predicts that one might be able to rescue the basicranial defects of any of the mutants by locally supplying a source of Shh to the postmigratory cranial crest. The phenotypes that we have been discussing are largely limited to the neurocranium. In particular, they do not include the pharyngeal cartilages, and in some respects this is surprising. For example, an extended process of the dorsal cartilage in the first pharyngeal arch (the palatoquadrate's pterygoid process) articulates with the anterior lateral region of the ethmoid, a region missing in slb/wnt11 mutants. Hence we expected to see a corresponding deformation of the palatoquadrate in these mutants, but their study did not reveal any change (B. Ullmann and C.B.K., unpublished findings). Perhaps only the severest of the midline group mutants have pharyngeal cartilage phenotypes: cyc/ nodal mutants have extensive deletion of the anterior basicranial cartilage (like the igu phenotype shown in 
REGULATION OF hox GENE FUNCTION AND AP PATTERNING
The segmentally organized pharyngeal cartilages of the larval zebrafish have a primitive anterior-posterior (AP) organization, with paired dorsal and ventral elements in the first and second arches and paired ventral elements in the five more posterior gill arches ( Moens et al., 1998) . (A) The WT pharyngeal segments 2-7. The hyoid segment (second pharyngeal segment) uniquely contains a small interhyal (ih) cartilage. At this stage, there is no separate hypohyal cartilage, the serial homolog of the hypobranchials. The ceratohyal (ch) is distinctively larger in size than its segmental homologs, the ceratobranchials (cb1-5). Ceratobranchials are tapering elements, as shown in B for cb1 (third pharyngeal segment) in another WT preparation at higher magnification. (C-E) The cartilages in the same (third) segment in three individual val mutants. The principal element, normally a ceratobranchial is often truncated and thickened, now more like a ceratohyal (C). Separate hypobranchials may be missing (arrow in D), and small interhyal-like elements are sometimes present (arrowheads in D and E). (F-I) hox gene expression in WT (F, H) and val (G, I) mutants, dorsal views with anterior to the left (from Prince et al., 1998) 
. (F, G) hoxb2 at 19 h (20-somite stage). (H, I
) hoxb3 expression at 14 h (10-somite stage). The more anterior gene hoxb2 (F, G) is ectopically expressed in neural crest that will populate the third pharyngeal segment (arrowhead in G). The more posterior gene hoxb3 (H, I) normally has a distinctive domain of strong expression in rhombomeres 5 and 6, and this domain is missing in the mutant (arrowheads). first and second arches are morphologically unique and thus can be used as differentiated markers of AP identity within the head periphery.
Anterior-posterior patterning in vertebrate embryos, as in Drosophila, depends on the Hox genes, whose overlapping expression domains demarcate regions of positional identity (reviewed in Lumsden and Krumlauf, 1996) . Hox gene expression is regulated in a complex and interdependent manner (reviewed in Nonchev et al., 1997; Studer et al., 1998) . At the top of the hierarchy lies an essential responsiveness, on the part of particular Hox genes, to retinoic acid (RA; reviewed in Marshall et al., 1996; Gould et al., 1998) . Although a gradient of RA along the AP axis has been difficult to demonstrate, the phenotypes of embryos in which RA synthesis or responsiveness is blocked, either genetically or pharmacologically, strongly suggests a requirement for RA in vertebrate AP patterning (Niederreither et al., 2000; White et al., 2000; Gale et al., 1999; van der Wees et al., 1998) .
Fusions and duplications of pharyngeal cartilages of quite different sorts than those described above are observed in mutants in which Hox gene function is altered, due to mutations in either Hox partners or in upstream regulators. The cartilage fusions in lazarus (lzr) mutants are among the more spectacular (Figs. 5A and 5B; Pö pperl et al., 2000) . In wild types the cartilages in the adjacent pharyngeal segments (adjacent arches) are separate elements from one another, although as shown in Fig. 5A , the dorsal cartilages in the hyoid and mandibular arches are close neighbors. The dorsal and ventral cartilages in each segment are separate as well, and they articulate at a prominent joint (this joint region including the small interhyal cartilage in the hyoid arch). In lzr mutants the hyoid and mandibular cartilages are quite thoroughly fused to one another, dorsal with dorsal, ventral with ventral, and dorsal with ventral. Clearly the processes that underlie formation of isolated chondrogenic islands in wild types are defective in lzr mutants, implying that the function of the wild-type gene is to pattern cartilage islanding. The islanding mechanism is not lost altogether: there are none of the fusions at the midline in lzr mutants, such as are present in mutants of the midline group.
What is this islanding function (or functions)? lazarus encodes a protein of the Pbx homeodomain family (Pbx4; Pö pperl et al., 2000) , expressed ubiquitously. Such proteins are known to interact directly with Hox proteins (reviewed in Mann and Chan, 1996) . Hox and Pbx proteins form a dimeric DNA-bound complex in the regulation of transcriptional targets (Passner et al., 1999; Piper et al., 1999) . Hence one might expect pbx genes to function in the same general manner as hox genes. However, we caution that some of pbx gene-mediated functions in Drosophila do not depend on hox gene interaction (Casares and Mann, 1998; AbuShaar and Mann, 1998; Gonzá lez-Crespo et al., 1998) . In fact we do not know, but only suppose, that in patterning cartilage development the wild-type Lzr/Pbx4 protein works with a Hox protein partner.
The dorsal to dorsal and ventral to ventral cartilage fusions occur along the anterior-posterior axis, and they can be related to defects in segmental patterning and in anterior-posterior specification of identity in a straightforward manner. In wild-type zebrafish, as in other vertebrates, at least some of the neural crest that will later develop as cartilage migrates from the dorsal lateral margin of the neural plate in three streams present along the AP axis. These streams can be visualized by expression of the neural crest marker dlx2 (Figs. 5C and 5D ) and are also apparent in time lapse recordings (C.B.K. and R. Keynes, unpublished observations). In lzr/pbx4 mutants, at least as assayed by dlx2 expression, the streams are fused together; the crest appears to migrate as "a single, uninterrupted sheet, . . . with neural crest cells populating the normally crest-free zones lateral to the otic vesicle and to r3" (Pö pperl et al., 2000) .
This fusion of the streams of migrating crest that will form the pharyngeal cartilages might directly underlie the cartilage fusions that occur in the AP axis. We suppose that the anterior two streams in wild types give rise, in a restricted manner, to the postmigratory arch neural crest (the ectomesenchyme) of the corresponding anterior two pharyngeal segments, the mandibular and hyoid. Evidence for this supposition in zebrafish comes from clonal analysis: single premigratory neural crest cells contribute progeny to one or the other of these pharyngeal segments but not to both together. The segments, by this analysis, are cell lineage compartments (Schilling and Kimmel, 1994) . Disruption of compartmentation, as would seem to be the case in lzr/pbx4 mutants, might be at least partly responsible for the AP fusions of cartilage elements in the first and second arches. Time lapse and cell lineage analyses in the mutant are required to ascertain whether individual neural crest cells contribute to both first and second arch cartilages, as would be predicted by this model.
A further issue is whether the fusion of crest streams, and therefore, as we propose, of cartilage elements, is itself due to an intrinsic defect in the specification of AP identity in premigratory neural crest populations or to the absence of lzr-dependent signals that would otherwise serve to separate the crest into streams. Hox genes, and by inference, lzr/pbx4, are clearly implicated in the former mechanism, such that an AP "hox code" established within the hindbrain is carried into the periphery by the neural crest (Hunt et al., 1991) . It is easy to imagine how the downstream effectors of Hox/Pbx4 complexes could result in the mutual repulsion of crest streams based on their AP identity. However there is also support for a model by which cranial crest is separated into streams by extrinsic influences. A number of groups have demonstrated the existence of non-cell-autonomous signals, acting either within the hindbrain or within the mesoderm of the head periphery, that influence the organization of neural crest into streams (Farlie et al., 1999; Graham et al., 1993; Sechrist et al., 1993) . Recent chimeric analysis of the ErbB4 mutant mouse demonstrated that the mismigration of a late population of neural crest cells in that mutant results from the absence of signals that normally function to keep these streams separate (Golding et al., 2000) . The primary role of ErbB4, a receptor expressed in hindbrain rhombomeres 3 and 5, may therefore be to establish a crest-inhibitory domain adjacent to those segments. Although lzr/pbx4 mutants have a related phenotype, the lzr/pbx4 expression pattern offers little in the way of an indication of where it might primarily function to control crest migration. Whether lzr/pbx4 functions autonomously within the neural crest or nonautonomously in its environment remains to be determined by genetic mosaic analysis. In either case, dysfunction of hox genes is implicated by the lzr/pbx4 mutant phenotype (Pö pperl et al., 2000) .
While lzr/pbx4 mutants exhibit a simplified cartilage pattern that may result from loss of hox function, valentino (val) mutants undergo a cartilage duplication that correlates with gain of hox function. val encodes a bZIP transcription factor, homologous to the mouse kreisler (kr) gene, and a regulator of hox gene expression within hindbrain rhombomeres 5 and 6 Cordes et al., 1994; Manzanares et al., 1997 Manzanares et al., , 1999a McKay et al., 1994) . In val mutants, an ectopic cartilage resembling the small interhyal cartilage characteristic of the hyoid arch is associated with the dorsalmost aspect of the ceratobranchial cartilage in the third pharyngeal arch (Figs. 6A-6E ; Moens et al., 1998) . Normally the third and more posterior arches are simplified versions of the first two arches, containing only ventral elements homologous to Meckel's and the ceratohyal. The ectopic putative interhyal in the third arch is reminiscent of ectopic cartilage elements on the hyoid bone of kreisler mutant mice (Frohman et al., 1993) .
The cartilage duplication in val/kr mutants correlates closely with changes in hox expression. In both the fish and the mouse, loss of val/kr function results in the ectopic expression in the third arch of hox genes normally in the second arch, and the loss of expression of hox genes normally in the third arch. Thus hoxb2, which is normally expressed in the second arch at 19 h, is ectopically expressed in val/kr mutants in a population of crest cells migrating into the third arch, while hoxb3 expression in the region of the hindbrain that gives rise to third arch crest is reduced ( Figs. 6H and 6I ; Prince et al., 1998) . The loss of hoxb3 expression is a direct effect of loss of val/kr function, as kr has been shown to be a direct regulator of hoxb3 expression in the mouse (Manzanares et al., 1997) . The ectopic hoxb2 expression may result from the loss, in val/kr mutants, of almost all of r5. As a result, r4-derived crest, which normally migrates anterior to the otic vesicle and into the second arch, migrates caudal to the otic vesicle and into the third arch as well, carrying with it hoxb2 expression (Figs. 6F and 6G ) and, by inference, the wherewithal to specify an interhyal cartilage. Alternatively, the r6-derived third crest stream could be homeotically transformed into second arch identity.
Mutations in hox genes themselves have not been described so far in zebrafish. Targeted mutagenesis of Hoxa2 in the mouse shows a crucial role for this gene in patterning along the anterior-posterior axis (Gendron-Maguire et al., 1993; Riijli et al., 1993) . The gene is expressed in the hyoid but not the mandibular pharyngeal segment. Hoxa2 mutants have a homeotic, anterior transformation phenotype: skeletal derivatives of the mandibular segment are duplicated and derivatives of the hyoid segment are deleted, revealing its role as a selector gene specifying segmental identity of these anterior pharyngeal segments. Gain-offunction analyses have been carried for Hoxa2 in the chick and Xenopus (Grammatopoulos et al., 2000; Pasqualetti et al., 2000) , and the results of these studies are entirely consistent with it's functioning as a homeotic selector gene, for the phenotypes are essentially the opposite of those of the loss-of-function mutants. Thus, when transgenic techniques are used to express Hoxa2 in the mandibular segment, the cartilages are homeotically transformed to a hyoid phenotype, i.e., there is posterior transformation.
We cannot so easily reconcile dorsal-ventral patterning defects such as we observe in lzr mutants with hox gene patterning. Recently Hoxa2 and Hoxb2 have been implicated in dorsoventral patterning in the mouse hindbrain (Davenne et al., 1999) , but it is not known if they have a corresponding role in the pharyngeal arches. As we come to Fig. 1 . The dorsal cartilage, the palatoquadrate (pq), has begun to chondrify (become Alcian-positive) within the same mandibular condensation that will also form Meckel's cartilage (m). An unlabeled bridge of condensed mesenchyme, next, however, it is clear that dorsal and ventral cartilages have separate identities.
A CONSERVED ENDOTHELIN-1 SIGNAL SPECIFIES VENTRAL CARTILAGE IDENTITY IN THE PHARYNGEAL ARCHES
One hundred and nine mutations were isolated in a large-scale genetic screen in Tü bingen by their prominent craniofacial phenotypes Piotrowski et al., 1996; e.g., Figs. 7A and 7B) . Staining the mutants with Alcian blue revealed the underlying defects in the pharyngeal cartilages (e.g., Figs. 7C and 7D, see also below, Fig. 9 ). Among them, 6 mutations representing four genes named sucker (suc), sturgeon (stu), schmerle (she), and hoover (hoo) were placed together into a single phenotypic "anterior arch" class because they primarily affected cartilages in the mandibular and hyoid arches .
Anterior arch mutants share three related defects in both the mandibular and hyoid arches. Ventral cartilages are variably reduced in size, changed in orientation, and fused to the dorsal ones Kimmel et al., 1998) , i. e., the joint normally present between the dorsal and ventral cartilages is missing. Mutation of suc causes the most severe loss of first and second arch ventral cartilages. This phenotype suggested an Endothelin-1 (Et-1) gene as a candidate for harboring the suc mutation, because in mouse embryos homozygous for targeted disruption of Et-1, Meckel's cartilage in the mandibular arch and the ventral cartilage in the hyoid arch are both severely reduced (Kurihara et al., 1994) . That is, the craniofacial phenotypes of homozygous mouse Et-1 mutants and zebrafish homozygous suc mutants are essentially identical. Genetic mapping of suc revealed conserved synteny of the relevant genomic regions between zebrafish and humans, and mapping, sequencing, and rescue analyses demonstrated that suc encodes a zebrafish Et-1 ortholog .
Endothelin-1 is a secreted peptide (Yanagisawa et al., 1988) , and marker analyses suggest that in the pharyngeal arches it is secreted by cells that are close neighbors of postmigratory neural crest cells in the ventral pharyngeal arches . Here the peptide could serve as a positional signal to specify the crest toward development of ventral cartilages (review: Francis-West et al., 1998) . Expression of suc/et-1 begins during late segmentation stages (ca. 16 h), several hours after crest migration begins and many hours before cartilage formation (chondrogenesis) begins. suc/et-1 expression is localized to at least three pharyngeal arch tissues-the paraxial mesodermal arch cores, the surface ectoderm, and pharyngeal endoderm. Neural crest itself does not appear to express the gene. In agreement with this finding, mosaic analysis suggests that Suc/Et-1 signaling function is required in the environment of the neural crest cells, not autonomously in the crest .
At the time (pharyngula stages; ca. 22-28 h) when signaling and response seems to occur, the crest cells that will form the cartilages shown in Fig. 7C have completed (or nearly completed) their migration. Observed gene expression defects in suc/et-1 mutants begin at this later, postmigratory stage and ET-1 can rescue ventral cartilage formation in suc/et-1 mutants as late as 28 h, well after most of the cranial neural crest has completed migration . Hence the signal seems unimportant for crest migration; rather, it may act in specification at a postmigratory stage. The same conclusion was reached in studies of the Et-1 receptor, EdnrA, function in mice (Clouthier et al., 2000) .
Correlating with the later defects being restricted to more molecularly. The mutants are arranged by severity of the phenotypes, as judged by the amount of cartilage present in the mutants; stu Ϫ is the least severe and suc Ϫ the most severe. (B) Drawings illustrating our interpretation of the mutant phenotypes: Red, dorsal cartilages in the two segments; green, ventral cartilages; blue, the DV joint region, missing in mutants. We propose there is a change in polarity of the ventral cartilages in the mutants (see text). By this hypothesis, in WT the dorsal and ventral cartilages have opposite polarities. The polarities of the ventral cartilages (green arrows), which we suppose indicates their direction of outgrowth from the precartilage condensations, become progressively more like that of the dorsal elements (red arrows) with increasing severity of the phenotypes. Fig. 1D . Here the two distinctive regions of the dorsal hyoid cartilage (the hyosymplectic, Fig. 1 ) are indicated separately, the strut-like symplectic region (sy) and the plate-like hyomandibular region (hm). The more dorsal part (hyomandibular region; for more detail see Kimmel et al., 1998) is left uncolored. Both of these cartilage-forming regions, as well as the ventral cartilage in this segment, the ceratohyal (ch), are developing out of a common primordium, the hyoid condensation. In contrast, the palatoquadrate (pq) and Meckel's cartilage (only partly included here) can be seen to be developing out of another shared primordium, the mandibular condensation, as described previously from analysis of fixed material (Schilling and Kimmel, 1997 ; see also Fig. 8).  FIG. 11 . Abnormally curving chondrocyte stacks in the ventral region of the hyoid cartilage of a suc mutant embryo, compared to the pattern in a WT (to the left). Arrows indicate proposed polarities (see text), as in Fig. 9 . We propose that the abnormal polarities of the ventral cartilages when Suc/Et-1 signaling is defective is underlain by abnormal orientation of stacking of the chondrocytes (modified from Kimmel et al., 1998) . hm and sy, hyomandibular and symplectic regions of the hyosymplectic cartilage. Other abbreviations are as in Fig. 1 . Scale bar, 100 m. ventral cartilages, suc/et-1 is expressed only ventrally in the embryonic pharyngeal arches (Fig. 7E) . There, as we propose, it acts to specify the postmigratory neural crest cells to their ventral identities. By this model a high level of the Suc/Et-1 signal is a necessary requirement in the specification of ventral cartilage identity. Whether this signal is sufficient for ventral specification could be tested in gainof-function experiments, but so far no such experiments have been reported.
MOLECULAR TARGETS AND DEVELOPMENTAL ROLES OF ENDOTHELIN-1 SIGNALING
How is the Suc/Et-1 signal transduced into a "ventral identity" response? The Et-1 signal transduction pathway includes a membrane-bound metalloprotease endothelinconverting enzyme-1 (ECE-1) (Xu et al., 1994) . This enzyme, present in both cells that make Et-1 and cells that receive Et-1, cleaves a longer precursor form of big Et-1 into its secreted mature 21-amino-acid form (Xu et al., 1994; Yanagisawa et al., 1998) . A seven-transmembrane, G-protein-coupled receptor, endothelin type A receptor (EdnrA), is expressed by the responding cells. Targeted disruption in mice of either ECE-1 or of EdnrA produces a craniofacial phenotype indistinguishable from that of Et-1 mutants. Furthermore, pharmacological inhibition of EDNRA in avian embryos inhibits ventral arch cartilage formation, suggesting that a role for Et-1/EDNRA signaling has been highly conserved in gnathostome evolution (Kempf et al., 1998) . As yet, genes homologous to Ece-1 and EdnrA have not been described in zebrafish; they are, of course, candidates for other, as yet molecularly unknown, anterior arch genes identified in the mutant screens (see below).
The signal transduction pathway following EdnrA receptor activation by Et-1 has been well characterized in physiological contexts (see Huggins and Pelton, 1997; Pollock and Highsmith, 1998 , for review). However, signal transduction downstream of EdnrA during embryonic development is largely unknown. Regardless of how the pathway works, a prominent downstream response is well understood, a transcriptional activation of target genes. Like the Suc/Et-1 signal itself, this response to the signal by neural crest-derived cartilage progenitors has been evolutionarily conserved to a large extent between mouse and zebrafish. Targets in both species include homeobox genes of the Dlx and Msx families, the homeobox gene goosecoid (gsc), and the bHLH gene dHAND ( Fig. 7 ; Clouthier et al., 1998 Clouthier et al., , 2000 Thomas et al., 1998; Miller et al., 2000) .
In zebrafish, there clearly are several distinct styles of target regulation. Some genes, including dHAND, msxE, and dlx3, begin expression specifically in the ventral arch mesenchyme of the pharyngula (Figs. 7H and 7J ). The domains of expression are all similar and correlate both temporally and spatially with suc/et-1 expression itself.
Further, the expression of these genes is severely reduced in suc/et-1 mutants (Figs. 7I and 7K) . Hence, as we suppose, these genes are activated in these ventral arch domains specifically by the Suc/Et-1 signal. In contrast, regulation of the gene dlx2, which in combination with dlx1 is critical for arch patterning (Qui et al., 1995 (Qui et al., , 1997 , seems more complex. Expression of dlx2 begins before suc/et-1 expression is detected and may be present in all migrating crest, including that destined for the dorsal domain as well as the ventral domain. Later, the ventral but not dorsal expression of dlx2 comes under the positive control of suc/et-1, as revealed by downregulation of ventral but not dorsal dlx2 expression in suc/et-1 mutants. A third variation on the theme is of gsc. This gene comes on well after the Suc/Et-1 signal (at about 28 -30 h), first in the ventral domain and then in the dorsal domain (Fig. 7F) . Ventral but not dorsal expression depends on the signal, as revealed by the missing ventral expression domain in suc/et-1 mutants (Fig. 7G) .
Pharyngeal arch expression of mammalian orthologs of many of these genes also requires Et-1/EdnrA signaling. In Et-1 and EdnrA mutant mice, ventral (distal) arch dHAND expression is dramatically affected (Thomas et al., 1998; Clouthier et al., 2000) . EdnrA mutant mice also lack Gsc and Dlx3 expression (Clouthier et al., , 2000 . Several differences exist, however; for example, Et-1 mutant mice have normal Msx1 expression (Thomas et al., 1998) , whereas an msx gene in fish seems to more directly require Et-1 signaling .
A wonderfully interesting issue for future studies is to learn how the upregulation of these transcription factors by suc/et-1 relates to patterning the later cartilage morphogenesis that the mutant phenotype shows us is controlled by the signal. Mutagenesis of some of these target genes in the mouse (e.g., Gsc, Dlx2, dHAND; Yamada et al., 1995; Rivera-Perez et al., 1995; Qiu et al., 1995; Thomas et al., 1998) and fish (dHAND, C.T.M., D. Yelon, D. Stainier, and C.B.K, unpublished results) reveals that their functions are also essential for properly patterned craniofacial chondrogenesis. What is missing at this point for better understanding is a careful comparative analysis of the phenotypes of embryos bearing mutations in the upstream and downstream genes. In zebrafish, an interesting beginning of such pathway analysis can be made by differences in the phenotypes of suc/et-1 mutants and other mutants in the anterior arch class. The latter are generally less severe than suc/ et-1 Ϫ with respect to the loss of ventral cartilage see below) . Where the suc/et-1 targets have been examined in these other mutants (e.g., in schmerle, C.T.M., unpublished work) they are also observed to be downregulated, but not to such a great extent as in suc/et-1 Ϫ . Hence these studies support the proposals that the genes all function in the same pathway Kimmel et al., 1998) and further that transcriptional regulation of target genes in the cells responding to the Suc/Et-1 signal is quantitatively correlated with ventral cartilage development.
Another suc/et-1 target in zebrafish that immediately connects to morphogenesis is the gene EphA3, expressed like dHAND in the ventral mesenchyme specifically and downregulated in suc/et-1 mutants (Figs. 7J and 7K) . Eph genes encode receptor tyrosine kinases. They are activated by cell-bound ligands, ephrins, and generally Eph activation results in an avoidance response of the Eph-expressing cell toward the ephrin-expressing neighbor. Such avoidances have been shown to be important for establishing polarity, e.g., in the polarized spread of Eph-expressing retinal axons across an ephrin-expressing midbrain tectum, the synaptic target tissue of these axons (review: Holder and Klein, 1999) . Eph-ephrin-mediated repulsion can also function in developmental boundary formation and segmental restriction (Robinson et al., 1997) . The best known case is in the hindbrain. This tissue is made from a segmental series of rhombomeres (review; Guthrie, 1995) , and mixing of cells of adjacent rhombomeres is restricted (Fraser et al., 1990; Birgbauer and Fraser, 1994) . Correlated with the restriction, cells on one side of a developing rhombomere boundary express an Eph and cells on the other side the corresponding ephrin . When this situation is perturbed, as in overexpression studies (Xu et al., 1995; Mellitzer et al., 1999) , the restrictions toward mixing are lifted. Furthermore, in the valentino mutant discussed earlier, loss of rhombomere boundaries correlates with the loss of normal ephrin-Eph boundaries in the r4-r7 region of the hindbrain (Cooke et al., 2001) . We can readily suppose that ephrin-Eph mediation of cellular patterning, including avoidance interactions at developmental boundaries, is also a feature of cartilage development and is under control of Et-1 signaling. As noted above, a prominent phenotype of all of the anterior arch mutants is the loss of the joint region that normally separates the dorsal and ventral cartilages in each segment. Imagine that the joint is the site of a developmental boundary present in wild-type embryos but missing in mutants. The position where the joint appears corresponds with the border of the EphA3 expression domain. We know that the dorsal and ventral cartilages in a single segment arise as two separate sites of chondrification within a single precartilage condensation (Fig. 8; Schilling and Kimmel, 1997) . Further, the joint develops between these sites as a special region of cells that do not chondrify; rather, the dorsal and ventral zones remain separate as chondrification spreads through the condensation (Fig. 8) . Hence the joint region behaves as a morphogenetic dorsal-ventral boundary within the precartilage condensation. The presence of EphA3 on the cells on the ventral side of this putative developmental boundary predicts an appropriate ligand (e.g., ephrinA2 or ephrinA3) on the dorsal side, if indeed the Eph-ephrin system is included in the molecular machinery that patterns the joint.
Finally, downregulation of EphA3 could also at least partly underlie what we propose is a polarity change in the anterior arch mutants. A prominent aspect of the suc/et-1 mutant phenotype is the orientation of the remnant of persisting ventral cartilage ( Fig. 9 ; Kimmel et al., 1998) . As we indicate by the direction of the green arrows in Fig. 9 , the regions of cartilage we interpret as a reduced Meckel's cartilage in the mandibular arch and ceratohyal in the hyoid arch both point in a posterior direction rather than an anterior direction, as in the wild type. Correlating with the less severe loss of ventral cartilage in she and stu mutants the orientations of the same cartilage regions in these mutants are more normal, stu Ϫ more so than she Ϫ . Hence, in a way that matches severity of the phenotype measured by the amount of ventral cartilage present in the mutants there is a progressively more severe polarity change of the ventral cartilage in the series stu Ϫ Ͻ she Ϫ Ͻ suc/et-1 Ϫ . As explained next, the polarity change could be revealing a reversal in the direction of outgrowth of the ventral cartilage during morphogenesis. The reversal could well be a consequence of a missing repulsive interaction between cells that normally have distinct ventral and dorsal identities.
MORPHOGENESIS: JOINTS MAKE STACKS
In the suc/et-1-dependent regulation of EphA3 we envisage a particular mode of cellular behavior that produces specific cartilage form. Namely, repulsive cellular interactions occur at the incipient dorsal-ventral joint region and are ultimately responsible, in part anyway, for morphogenetic behaviors carving out separate dorsal and ventral elements. As we propose to be the case in suc/et-1 mutants, when the behaviors fail, so too does morphogenesis. Repulsion between cells may be part of the suite of interactions that occur during the stages of "chondrogenesis," when specified but still functionally immature (or "undifferentiated") mesenchymal cells in so-called precartilage condensations form specifically shaped elements of now specialized chondrocytes and cartilage matrix. Past authors have conceptually separated cartilage cytodifferentiation (histogenesis) and cartilage shaping (morphogenesis; e.g., Thorogood, 1983; Noden et al., 1999) . Features of both can occur together in the development of the zebrafish head skeleton. The embryonic cartilage matrix begins to be labeled with Alcian blue just as the embryo enters the third day following fertilization (Fig. 8) . Nearly simultaneously, we also see early signs of cells taking on regular lined-up arrangements that could underlie cartilage shaping.
Patterning can be complex from the outset and exquisitely precise. For example, we have shown, studying Alcianlabeled material, that in the mandibular and hyoid segments on each side of the pharynx separate chondrogenic sites develop stereotypically out of a single precartilage condensation (Schilling and Kimmel, 1997) . The pattern for the mandibular segment was discussed above, where we show two separate chondrogenic sites present in the condensation represent the future dorsal palatoquadrate and ventral Meckel's cartilage (Fig. 8) . In the hyoid segment there are three sites, two of them corresponding different regions of the dorsal hyosymplectic cartilage and the third site representing the ventral cartilage in this segment (the ceratohyal). In newer, unpublished studies we have recently confirmed this pattern by using confocal microscopy to image the developing condensations in live embryos stained vitally with BODIPY ceramide. Figure 10 shows an example of this imaging at two times separated by about 6 h. So far we have studied one of these chondrogenic sites in the most detail, a region of the dorsal cartilage termed the symplectic . It has the simplest structure, for the symplectic develops as a single file of cartilage cells (as shown for a stage about 2 days later in Fig.  11, sy) . We first recognize the symplectic rudiment when it has as few as two or three cells that emerge out of the precartilage condensation; about five are present in Fig.  10A . These cells appear at a specific location of the condensation, just where the dorsal-ventral joint will eventually develop, and more cells add to the symplectic row as development continues (Fig. 10B) . Using lineage tracer dye to label individual cells in the developing symplectic , we found that lengthening of the cell row involves progressive addition of cells, not randomly along its length, but preferentially at or near the joint region, from which the symplectic thus appears to grow outward. The direction of outgrowth is indicated by the arrow in Fig. 11 . This pattern can be understood by proposing that the specific neighborhood of the condensation that later forms the dorsal-ventral joint acts, at the earlier stage, as an organizing center for chondrogenesis. Cells in the joint neighborhood are recruited to join into cell rows, or "stacks," perhaps by intercalating with one another, suggested from the lineage studies . By this hypothesis the symplectic develops as a single stack elongating in a ventral direction out of the joint neighborhood. This "joints make stacks" hypothesis can readily accomodate the polarity change discussed above in suc/et-1 mutants: We imagine that the polarized stacking of cells making the ventral cartilage remnants is disrupted. Stacks now emerge from the mutant joint region with reversed orientation (Fig. 11) . Confocal time-lapse analyses of chondrogenesis in wild-type and mutant embryos could directly test the hypothesis.
By the joints makes stacks hypothesis the patterning of cartilage shape is proximately controlled, at least in part, within the precartilage condensation itself, rather than by the surrounding environment. If so, environmental signals would act to organize the primordium at an earlier stage. For the Suc/Et-1 signal, such timing nicely fits the early expression observed of suc/et-1-expression is present more than a day before chondrogenesis is initiated. We as yet have no evidence for later primordium-intrinsic versus -extrinsic control of patterning, but older experiments in other species support intrinsic regulation. As studied particularly in avian embryos, precartilage condensations put into organ cultures develop into cartilages of recognizably different shapes according to the specific rudiment isolated (Jacobson and Fell, 1941; Weiss and Amprino, 1940; reviewed in Thorogood, 1983) .
The mode of cartilage development just described, wherein separate cartilages arise within a single condensation, also occurs in the mandibular arch and during cranial and pharyngeal development of other species of fish (Bertmar, 1959) . However, a different pattern is present in limb development of a variety of tetrapods. Shubin and Alberch (1986) found that separate cartilages within the limb each arise from separate Alcian blue-positive condensations. The condensations themselves arise by a characteristic pattern of branching and budding from an earlier single Alcianpositive condensation. So the relative timing of matrix deposition versus element formation seems quite different in the two modes. However, we think that the difference is not really a fundamental one, for we see an example of what looks like the limb bud pattern in the hyoid arch. The interhyal cartilage, positioned between the hs and the ch, develops about a day later than its neighbors, and it develops by budding out of the young hs. In fact it comes from the same dorsal-ventral joint region we have been considering, but only after this region has also developed an Alcian-positive matrix.
PROSPECTUS
For each of the kinds of mutants we considered, the phenotypes are pattern deformations, simplified from the wild-type pattern in particular ways rather than just being random losses of pattern elements. The mutations are all loss-of-function alleles. Connecting these two observations suggests directly how the wild-type functions of the particular genes are contributing to pattern complexity.
The midline group mutants (represented by slb/wnt11 Ϫ , for example) deform a bilateral two-dimensional sheet of complex morphology into a one-dimensional array just along the midline. The implied wild-type function of the genes of this group is to position the initial normally bilateral sites of chondrogenesis of the anterior basicranium and perhaps by specifying where migrating neural crest will settle down, as further studies could reveal. Further, molecular studies reveal that these genes function in intracellular signaling pathways crucial for embryonic midline development and suggest a particular scenario in which Shh from the ventral neural tube is a likely proximate influence patterning cartilage development along the mediolateral axis.
Cartilage fusions in lzr/pbx4 mutants correlate with earlier fusions of segmental streams of migrating neural crest that will form these cartilages. Hence we suggest that this gene functions in establishment of developmental boundaries along the anterior-posterior axis that restricts neural crest migration and that restricted migration in part underlies the formation of separate cartilages in adjacent pharyngeal segments. Because Pbx and Hox proteins interact, hox gene function is implicated. The same is the case for val/kr function; we can interpret the cartilage phenotype in val/kr mutants as being due to either a mismigra-tion of neural crest along the AP axis or to a change in AP identity; either interpretation is consistent with defective hox gene-dependent patterning.
The anterior arch mutant (e.g., suc/et-1) phenotypes simplify pattern by reducing development of ventral pharyngeal cartilages and fusing them into the dorsal ones. Along with the molecular work establishing where and when the Suc/ Et-1 signal must act, the studies show a crucial signaling that occurs relatively late in the embryo: The local environment acts upon a primordium of postmigratory neural crest. Genes that could directly affect cartilage morphogenesis (EphA3) are controlled by this signal.
The mutational analyses have revealed genes that function in several different genetic pathways. Further, by the phenotypic changes we see that each genetic pathway connects to patterning along only one of the three coordinate axes of the embryo-medial-lateral (Wnt, Nodal, Hedgehog), anterior-posterior (Pbx, Val, Hox, and hence perhaps involving retinoic acid), and dorsal-ventral (Et-1). These findings motivate the hypothesis that head cartilage morphology arises through largely separate control of pattern formation along these three separate axes. Characterizing new mutants is a way to learn whether this proposal has any validity.
All of the genes identified so far act in pattern specification, apparently rather distantly upstream of cartilage morphogenesis itself. Hence the mutants now available may not be very useful for examining details of control of morphogenesis: e.g., what underlies the assembly of cell rows postulated by the joints make stacks hypothesis? Upstream functions might be expected for some of the mutants, like ones reviewed above with pleiotropic phenotypes that include disruption of embryogenesis before cartilage progenitors are even present. Hence, a way to find later acting genes is to screen later and screen more specifically for very discrete cartilage phenotypes. Screens by Alcian blue labeling of larval cartilages are in progress, and it is clear from initial results that mutants with very subtle phenotypes can be identified and recovered and that the previous screens are far from saturation. Hence the prospect for continued progress is bright indeed.
